Background: The feed conversion ratio (FCR) and residual feed intake (RFI) are common indexes in measuring feed efficiency for livestock. RFI is a feed intake adjusted for requirements for maintenance and production so these two traits are related. Similarly, FCR is related to feed intake and weight gain because it is their ratio. Cholecystokinin type A receptor (CCKAR) plays an important role in animal digestive process. We examined the interplay of these three parameters in a local Chinese chicken population.
Background
Feed expenses account for approximately 70% of chicken production costs [1] . One way to reduce fodder costs is by increasing the utilization rate of feed. The FCR and RFI are pivotal indicators for measuring poultry feed efficiency. The FCR is calculated using FI and body weight gain (BWG) and is a proportional trait that does not have a normal statistical distribution, the degree of abnormal distribution will increase with the increase of the variable coefficient of the denominator, the mean values and standard deviations have no actual statistical significance [2] [3] [4] .
As a selection index, the FCR is cannot be used to determine whether FI or BWG predominate and this reduces the group selection difference and affects the efficiency of selection [5] . From a population genetic standpoint, the FCR is a moderately heritable trait and used as an indicator of the outcomes of other genetic improvements [6] . This type of selection results in the synchronous selection of FI and BWG with a population improvement bias towards high FI and high BWG. The outcome is an increase in BWG and the feed cost, and the weight of the traits in the selection index is determined by their desired gains.
In order to make up for the defects of FCR calculations, the RFI has been used as a production performance evaluation index for layer chickens since the 1970s. RFI is a measure of the feed utilization efficiency index of livestock first proposed in 1963 [7] . The RFI is the difference between the actual animal FI and its EFI determined by the growth rate and mean BW. By dividing the total energy of livestock and poultry into growth energy and maintenance energy, RFI can accurately reflect the metabolic differences among individuals in which metabolic differences are determined by genetic background [8] . The feed intake of high RFI individuals is higher than with low RFI individuals. Therefore, using the RFI as a negative selection trait is more likely to produce a population with low feed intake and high productivity.
The brain-gut axis encompasses the hypothalamus, vagus nerve, stomach and intestine and regulates eating behaviors [9] [10] [11] . Cholecystokinin (CCK) is a regulatory peptide of the brain-gut axis that is widely distributed in central and peripheral nerves and the digestive system. Its primary function is to promote gallbladder contraction and pancreatic secretion [12] . However, CCK cannot properly function without the cholecystokinin receptor (CCKR). There are two CCKR subtypes (CCKAR and CCKBR). CCKAR mainly exists in peripheral tissues and is responsible for regulating satiety and inhibiting gastric emptying [13] [14] [15] [16] . CCKBR is distributed in the central nervous system and is involved in nerve responses [17] . Thus, the main route for the regulation of feeding by CCK is its stimulation of the vagus nerve through peripheral CCKAR. The activated vagus nerve stimulates the central nervous system to produce CCK resulting in satiety and termination of feeding behavior [18] . The expression levels of CCKAR in the individual brains are inversely proportional to growth rate [17] . Furthermore, CCKAR knockout mice have significantly higher FI levels than their wildtype counterparts [14] . Therefore, CCKAR influences the regulation of feed intake and growth of animals.
Chinese local chickens have several excellent production traits such as high meat quality, strong adaptation and crude feed tolerance [19] . However, their growth rates and feed utilization efficiency are low. The purpose of this study was to analyze both these parameters in Chinese local chickens, and increase growth rate and feed efficiency by selection. We calculated FCR and RFI in a Tianlu black chicken population and assessed genetic parameters and the relative selection efficiency of FCR and RFI. In addition, Xu et al. [20] performed a genome-wide association study (GWAS) and RNA sequencing on RFI of the yellow-plumage dwarf chicken line N301, and found that CCKAR is a potential candidate gene associated with energy improvement, so we also analyzed the associations between variation in the CCKAR and the phenotypes measured.
Methods

Animals and measurement of feeding traits
A Chinese local chicken population, a Tianlu Black chicken pure-line N416, was used for measurement of growth and feed conversion rate traits in this study. Chickens were housed in a closed type henhouse to control the temperature and illumination during the brooding period (0-35 d of age). After 35 d of age, chickens were transferred to a half-open vertical ventilation hoop henhouse, and electronic chips were placed in the middle of shank. A total of 912 male individuals were kept in three fence-separated pens (every pen had 304 birds) on one side of the henhouse, and 929 female ones were kept in three fence-separated pens (309 birds in one pen, 310 ones in other two pens) on the other side of the same henhouse. Each pen had seventeen 9ZC-5 intelligent type breeding and feeding automatic measurement stations (Guangdong Guangxing Animal Husbandry Co., Ltd., China) and 40 nipple water bowls, the 9ZC-5 stations can recognize each chicken's electronic chip and record the FI and BW of the chicken. The chickens were fed a diet containing 12.1 MJ/kg ME and 190 g CP/kg. Daily feed intake and body weights were recorded for each bird throughout the feeding trial from 56 to 115 d of age, and this working was performed as previously described [20] , as some individuals were died or the electronic chips were not identified by the 9ZC-5 stations during the feeding period, at the end of the data screening, 538 sires and 682 dams contributed to these males and females under feed recording finally. For reducing cost, we selected 527 individuals from these 1,220 individuals for sequencing, these individuals are randomly selected.
Calculation of RFI and FCR
The RFI calculation was based on a previously described model [21] . The experimental period was conducted during the rapid growth period of the animals so the individual BW and ages were linearly related. The regression equation was
where μ is the intercept, a is the regression coefficient, DOT was the day of testing and e is the residual. A DOT value of 25 is put into Eq. 1 to get the mid-test body weight (MBW) and the mid-test metabolic body weight, (MMBW) = MBW 0.75 . The MMBW and ADG of each bird were used as independent variables to establish the linear regression models,
and
In these models, ADFI is the average of the daily feed intake of individuals during the period of the experiment, b 0 is the intercept, b 1 and b 2 are partial regression coefficients for MMBW and ADG, respectively, and e was the residual and the RFI is the e of these models. The experimental data were then divided into two groups by sex and two equations were developed using ADFI, MBW and an ADG estimate of the EFI.
FCR is the net feed consumption of livestock unit weight gain. The FCR for each individual was estimated based on the ratio between unit weight gain and feed consumption.
Genetic parameters estimation
We constructed the multi-trait animal model:
to obtain estimates of the phenotypic and genetic (co) variance and heritability, and this model was based on the restricted maximum likehood method of the DMU statistical package [4, 20, 22] . Y is the vector under observation, X and Z was incidence matrices, b is a vector of fixed effects (including two gender levels and 6 pen levels), a is the vector of the animal additive genetic effect and e is the vector of random residuals.
Relative selection efficiency estimation
Relative selection efficiencies were used to compare the expected effects of selection on FCR and RFI on other growth traits. In order to estimate the correlated response to selection on feed efficiency, we referred to previous report [23] and constructed the following equation:
where CΔG represents the FCR and RFI for indirect selection efficiencies on growth. ΔG represents direct selection efficiencies that are induced through selection of growth and other primary traits. r A1A2 represents genetic correlation coefficients between primary and secondary traits and h 1 and h 2 represents the heritability of primary and secondary traits, respectively.
DNA manipulations and genotyping procedure
DNA was extracted from whole blood using the EZNA Blood DNA Kit (OMEGA Biotek, Doraville, GA). PCR primers for chicken CCKAR (NCBI Gene ID: 422801) were designed using Primer Premier 5.0 software (http://www.premierbiosoft.com). Primers were synthesized by Shanghai Jierui Biological Technology. Five pairs of primers were designed to perform mixed pool sequencing for an initial screen of SNPs in CCKAR (Additional file 1: Table S1 ). For this purpose, data from the 10% highest-and 10% lowest-ranked RFI birds (each group had 48 individuals) were pooled randomly in 12 pools for sequencing. PCR was performed in a 40-μL volume consisting of 10 pmol of each primer, 20 μL of 2× Easy Taq SuperMix (Beijing TransGen Biotech Co., Ltd., China) and 50 ng of genomic DNA. The PCR procedure was as follows: 94°C for 3 min, followed by 36 cycles of 94°C for 30 s, 55-60°C for 30 s and 72°C for 2 min and a final step of 72°C for 10 min. The PCR products were sequenced by Beijing Tsingke Biological Technology, China. SNP genotyping was performed using the SNaPshot method [24] . Based on the preliminary SNP screening, 5 pairs of primers were designed for the 10 SNPs. P1 was designed for G176A, G219A, C334A, C448T, P2 for G1290A, P3 for C5818T, G6058A, A6163G, P4 for T3325C, and P5 for G6768A. PCR was performed in 15 μL, consisting of 3 pmol of each primer, 0.3 μL of 2× Easy Taq SuperMix, 30 ng of genomic DNA, 1.5 μL MgCl 2 , 0.3 μL dNTP and 1. 5 μL 10× buffer. The PCR procedure was as follows: 94°C for 3 min, followed by 36 cycles of 94°C for 15 s, 55°C for 30 s and 72°C for 30 s with a final step of 72°C for 10 min. The PCR products were purified by using ExoI (Thermo Fisher Scientific Inc., USA) and FastA (Thermo Fisher Scientific Inc., USA). Genotyping was performed using a commercial kit (SNaPshot Multiplex Kit, Thermo Fisher Scientific Inc., USA) using 2 μL of purified products as directed by the specification, the purified primers were showed in Additional file 1: Table S1 .
Linkage disequilibrium and haplotype analysis
Linkage disequilibrium (LD) and haplotype analysis for this study population was performed using SHEsis software (http://analysis.bio-x.cn/myAnalysis.php). We excluded polymorphic sites that did not conform to the Hardy-Weinberg Equilibrium (HWE) for the analysis. Dẃ as a standardized Lewontin LD coefficient as the evaluation criterion for LD. │D´│ > 0.75 represented a strong LD between each pair of polymorphic sites. A full-precise-iteration algorithm was used for haplotype analysis. This was based on the equation:
þ P½ð11=22Þ j ðXXÞ Ã NðXXÞ ð 7Þ
where N(11) represents the number of "11″ haplotype, N(12/11) represents the number of samples that carried "12″ haplotype on one chromosome and "11″ on another, N(XX) represents the number of samples carrying both "1/2″ genotypes at the two loci that was ambiguous for haplotype recognition.
Association analysis between SNPs and characters
The PROC-GLMR algorithm [25] was used to analyze the correlation of SNPs, FI and related traits. A statistical model was developed as follows:
where Y is the observed value of growth traits, μ is the population mean value of growth traits, G is the effect of genotype on growth performance, F is the fixed effect of family, S is the gender effect (two levels), and e is the random error effect corresponding to the observed value. The evaluation of traits among individuals with different genotypes was performed using the paired comparison method of ANOVA using SPSS version 19.0 software.
Results
BW, ADFI, MBW and RFI of Chinese local chickens
At the beginning of the feeding trial, the average BWs of male and female individuals at 56 d of age were 802 ± 86 g and 671 ± 73 g respectively. The average BWs at 115 d of age were 1,915 ± 191 g for male and 1,632 ± 175 g for females (Fig. 1) . During the study period, the ADFI of males and females were 22.7 ± 3.31 g and 19.6 ± 2.97 g respectively. According to the Eq. 1, we obtained the MBW. The average MBW of male and female chickens was 1,426 ± 142 g and 1,182 ± 123 g, respectively. The determination coefficients of male and female individuals were 0.409 and 0.545, respectively. Equations were as follows,
We observed growth performance and feed efficiency in chickens that possessed different RFI values and defined two groups of individuals with the 10% lowest and the 10% highest RFI values. We found that ADG, MBW, EFI and BW15 differences between the two groups were not significant. However, FCR and ADFI were significantly different in the higher and lower RFI group with a difference of 0.90 for FCR and a difference of 17.90 g for ADFI. The BW8 of the lower RFI group was significant (P < 0.05) less than the higher RFI group (Table 1 ). In addition, the ADFI in the higher RFI group was more than the predicted value whereas the situation with the lower RFI group was reversed ( Fig. 2) . This indicated that the energy utilization rate of the lower RFI group exceeded the higher RFI group.
Heritability of the FCR, RFI and related traits
We estimated heritability of 7 characteristics. RFI heritability was 0.282 in the range 0.21-0.49 and similar results have been previously reported [26] . The FCR heritability was 0.312 that was between 0.2 and 0.8 values previously reported [27] (Table 2) .
Correlation of FCR and RFI with other traits
We calculated the genetic and phenotypic correlation coefficients between RFI, FCR and other traits. Firstly, there was a strong correlation between RFI and FCR in both heritability and phenotype. A 0.693 genetic correlation coefficient between the two was in the 0.6-0.7 range as has been previously reported [8, 28] . Although the phenotypic correlation coefficients between RFI and ADG or MMBW were 0, the genetic correlation coefficient between RFI and the two traits were − 0.198 and − 0.125 (Table 3 ). This demonstrated that the RFI was independent of these two phenotypic traits. and this result was consistent with previously reported results [8, 26, 29] . Compared to the RFI, the genetic and phenotypic associations between FCR and ADG were more close and all showed a strong negative correlation (r g = − 0.710, r p = − 0.561). This meant that the FCR had a greater impact on ADG and selected for low FCR individuals. This would results in an ADG increase. The genetic and phenotypic correlation coefficients between RFI and ADFI were 0.334 and 0.501, and that two correlation coefficients between FCR and ADFI were r g = − 0.143 and r p = − 0.11, so the correlation coefficients of between FCR and ADFI were both much less than that between RFI and ADFI (Table 3 ). This suggested that choosing RFI was more beneficial for individual consumption than FCR. Overall, the FCR was primarily related to growth traits such as ADG, BW while RFI was related to energy metabolism traits such as FI.
Selection efficiency of RFI and FCR with other related traits
We obtained selection efficiencies of RFI and FCR with five related traits by calculation (Table 4) . RFI had a strong positive selection effect to ADFI (0.327), but it had little effect to body weight at 56 d of age (BW8) (0.026). In addition, RFI had negative selection effect to body weight at 105 d of age (BW15), ADG and MMBW, and the effect coefficient were − 0.116, − 0.108 and − 0.174, respectively. For FCR, it only had positive selection effect to BW8 (0.268), and the remaining four traits were negative to selective effect, especially the negative selection effect to MMBW, ADG, BW15, the selection efficiency were as high as − 0.691, − 0.680 and − 0.392, respectively, and it had a slight negative effect to ADFI (− 0.155). Therefore, genetic selection of individuals with lower RFI could reduce ADFI and increase ADG. Furthermore, the selection for lower FCR would lead to better weight gain at a cost of slightly higher feed intake, but the genetic correlation considering standard error is not significantly different from 0, so not necessarily any change in feed intake, so the selection direction of RFI and FCR was consistent.
Association of CCKAR with chicken growth and feed conversion rate
We screened 51 mutation sites in the CCKAR gene. Five mutation sites were in flanking regions, five were in untranslated regions, 31 in introns and 10 in coding regions. Four SNPs generated amino acid substitutions (Fig. 3 , Additional file 2: Table S2 ). In order to see if these SNPs lead to amino acid mutations, we selected the SNPs of coding regions for HWE, LD and haplotype analyses. We found that the allele frequencies of these 10 SNPs followed the Hardy-Weinberg equilibrium rule (P > 0.05) (Additional file 3: Table S3 ). There was a strong LD between SNPG176A-G219A and G176A-G1290A (D′ > 0.75 and r 2 > 0.6) as well as between SNP G219A-C448T and C334A-G1290A (D′ > 0.75 and r 2 > 0.3) (Fig. 4 , Table 5 ). The LD between each SNP pair was incomplete so we used all 10 SNPs to correlate chicken growth and feed conversion rate for the next experiments.
We utilized GLM function to analyze the associations of the 10 SNPs with RFI, FCR, FI, ADFI, and ADG. The association of these SNPs with RFI and FCR were not significant. However, C334A was highly and significantly associated with FI and EFI (P < 0.01) and significantly associated with ADG (P < 0.05). The FI and EFI of individuals with the CC genotype were significantly lower than with the other two genotypes (P < 0.05). However, the ADG in this CC genotype group was significantly lower than in the AA group (P < 0.05). G1290A was significantly associated with FI and EFI (P < 0.05) in which the FI and EFI associated with the GG genotype were significantly lower than those associated with the AA genotype (P < 0.05) ( Table 6 ).
Discussion
The classical breeding index FCR has been studied extensively in chickens [30] . However, FCR is a nonlinear and non-normally distributed complex trait formed by the FI / BWG ratio. As FCR not only without real average value or variance, but also the non-normality will be raised with the increase of variance of BWG, thus, it is difficult to reflect the true efficiency of feed utilization [31] . As the intensity of selection increases, the selection pressure will move towards FI. When the phenotypic correlation coefficient between FCR and FI or BWG is increased, the genetic advantage of FCR as the selection trait will be reduced, and the selection effect is not as good as the selection of FI or BWG. Famula and Van Vleck [32] have reported that continuous selection for low FCR individuals can improve feed utilization efficiency and increase BWG, but will leads to genetic progress more slowly and will increase the feed consumption [33] . If individuals with low FCR in the same BWG were selected, it will be more beneficial to the selective process.
As a new indicator of the efficiency of feed utilization, the RFI has been widely used in chicken [34] , sheep [35] and beef cattle breeding [36] . RFI is a phenotypic measurement independent of metabolic weight and BWG [31] . In this study, the phenotypic correlation between RFI and MBW, ADG was zero, genetically independent of metabolic weight and BWG and consistent with other studies [37] . Therefore, RFI can preferably reflect the energy level needed for broiler growth maintenance [38] . Individuals with low maintenance and high growth can be bred with RFI as a selective trait.
As the FCR, ADFI and BW8 of higher RFI group were extremely significant higher (P < 0.01) than the lower RFI group. This demonstrated that the FI in the lower RFI individuals were less than the higher RFI group and that their growth performance was also better. These low RFI individuals can achieve a greater feed efficiency. The reason may be that up-regulated genes were associated with energy metabolism, cell proliferation and fat metabolism [39] . Previous studies have demonstrated that individuals with a low RFI can maintain growth by increasing protein storage and glutamate synthesis, and achieve higher feed utilization and reduce nitrogen content in excreta [20, 40] . Individuals with high RFI were more likely to respond to stress than individuals with low RFI [41, 42] . Therefore, breeding low RFI individuals [29] . The heritability of FCR and RFI in the slow type commercial broiler chickens were 0.33 and 0.45 [43] , and the heritability of FCR and RFI in the yellow-plumage dwarf chickens were 0.216 and 0.354 [20] , respectively. Different varieties of chickens showed different heritability of the FCR and RFI and the RFI heritability was always greater than the FCR.
In this study, the relative selection efficiency between FCR and ADG, MMBW and ADFI were − 0.680, − 0.691 and − 0.155, respectively. From these data, choosing the low FCR individuals will have a significant positive effect on ADG, MMBW, and ADFI. However, the relative selection rates of RFI for ADG, MMBW and ADFI were − 0.108, − 0.174 and 0.327, respectively. This will have a positive effect on reducing ADFI if low RFI individuals are selected and will slightly increase the ADG. Therefore, FCR is more suitable as a reference index to select weight related traits. If the breeding goal is to reduce FI, it is more appropriate to select RFI as the selection index.
Multiple genes control the chicken FI trait [44] . The CCKAR gene is located on chromosome 4 and plays an important regulatory role on feeding behaviors [14, 45] . CCKAR is only expressed in low RFI individuals, and CCK can be combined with CCKAR to make the individual feel full. While CCKAR is not expressed in high RFI individuals, this results CCK lacks the receptor and can't exert the function of suppressing appetite, this would lead to an FI increase [20, 23] . For these reasons, we studied the relationship between CCKAR gene polymorphisms and feed efficiency in these experiments. The principle novelty of this research lies in the association between variation in CCKAR gene and the phenotypes measured. Although the 10 CCKAR SNPs were not significantly associated with either RFI or FCR, C334A and G1290A were associated with FI, EFI and ADG. The AA type was significantly higher than the CC type for FI as well as ADG at the C334A locus (P < 0.05). The AA type was significantly higher than the GG type at FI at locus G1290A (P < 0.05). Furthermore, the FCR has a strong negative selectivity on ADG, and a slight negative selectivity towards ADFI. RFI has a strong positive selectivity for ADFI but a slight negative selectivity on ADG. Different letters represent significant differences (P < 0.05), otherwise there were no differences found. The association was estimated using the LSD method. α = 0.05
